Part I: General Considerations of Radiant Energy: Photokinetics11From the Department of Chemistry, University of Wisconsin, Madison, Wisconsin.  by Daniels, Farrington
Part I
General Considerations of Radiant Energy
PHOTOKINETICS *
FARRINGTON DANIELS, Ph.D.
All our food and all our fuel come from sunlight
—through photosynthesis. We are just beginning
to understand this marvelous process. Sometime
in the future we will run out of fossil fuel and
then we'll have to use atomic energy and current
sunshine, instead of geologically stored sunslune.
Atomic energy has its hazards—radioactivity;
and sunshine has its hazards—sunburn and
cancer. It's time to think about these hazards and
I congratulate Professor Curtis and Dr. Tucker,
and the other scientists for arranging this sym-
posium designed to push back the frontiers of
fundamental science in the areas where photo-
chemistry and physiology meet.
I assume that my part in this symposium is to
present some of the geneial principles of chemical
kinetics and photochemistry which may find
practical aspects in physiological chemistry.
Chemical kinetics is nowhere near as far ad-
vanced as thermodynamics and it is much more
complicated. Whereas thermodynamics can pre-
dict precisely how far a reaction will go under
equilibrium conditions, it is not concerned with
time or with mechanisms. Chemical kinetics
endeavors to predict reaction rates and to
understand how the reactions go. In organic
chemistry and particularly in physiological chem-
istry where many different products are possible,
the rates of the several competing chemical reac-
tions become all-important.
CONCENTRATION
One of the most important factors in deter-
mining the rate of chemical reactions is concen-
tration of the reacting materials. The greater the
concentration, i.e., the larger the number of
molecules in a given volume, the larger is the
number of collisions and the greater the chance
for chemical reaction. In the simplest ease of
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first order reactions, a single reactant A reacts
by rearrangement of its atoms to give Al,
A -4M
or it dissociates to give two or more products
A -M + N
If the rate at which A is used up, —p, is
directly proportional to the concentration, Cj, of
A, the reaction is said to be of the first order and
the mathematical expression is
—dCA
= JCCA
where Ic is a constant—the specific reaction rate
constant.
For example, if Ic = 0.001 sec', the reaction
proceeds at such a rate that 0.001 or io of one
per cent of A reacts per second. The concentra-
tion keeps changing and over long time intervals,
it is necessary to integrate this equation. Thus,
2.303 CAt,log—
— ti CAt,
where CA,t1 is the concentration of A at time t,
and CA, , is the concentration at time t2.
In another type of reaction, the rate depends
on the concentration of two reactants, thus in
the reaction
A + B -÷ AB
the rate depends both on the concentration of A
and the concentration of B andthe mathematical
expression is
—dCA dCB
=
— —- = 1CCA CB
This expression must be integrated also for
practical use over appreciable time intervals.
Third order reactions involving three different
molecules are known, but they are comparatively
rare. Zero order reactions are common in which
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the rate of a reaction is constant, and independent
of the concentration. Thus
dt
Such reactions are found among photoehemical
reactions in which the intensity of light is con-
stant and it is the rate determining factor rather
than the concentration of the reacting molecules.
Most chemical reactions and physiological
chemical reactions are very complex and involve
several first and second order reactions going on
simultaneously. The simplest type of these com-
plex reactions is
A —B -C
in which the product B undergoes further de-
composition into C. Many radioactive nuclear
transformations follow this mathematical rela-
tion. The intermediate product B increases at
first and then decreases and disappears, as shown
in Fig. 1.
In addition to the successive reactions, there
are competing reactions, such as
A +B-*AB
A + C -AC
and reverse reactions, such as
A +B±AB
A great variety of complex reactions are pos-
sible, but most of them cannot be integrated. The
new electronic computers, however, will be able
to solve them and in principle one should be
able to calculate the concentration of any of the
reactants and products if the rate constants Ic
and the original concentrations are known.
Fortunately, the various steps of the overall,
complex reactions are almost always made up of
simple unimolecular reactions involving the re-
arrangement or rupture of a single molecule, or
bimolecular reactions involving the collision be-
tween two molecules.
MEcHANIsMs
Molecules arc composed of atoms held together
by electrical charges, or by electron pairs. In the
organic molecules which are important in bio-
chemistry the electron pair or homopolar bond
is the most common. A typical bimolecular reac-
tion is represented by the following scheme
A—B
C-D
A-B A B
C-D C D
in which two molecules approach each other so
closely that all the atoms interact with each
other forming an "activated complex" which can
then split up in a different way giving new
products.
In order to force these molecules together to
form the activated complex it is necessary to
supply extra energy and this energy comes from
collisions between very rapidly moving molecules.
In a group of molecules some move slowly and
others rapidly, but at a given temperature there
is a certain velocity which is the most common.
The distribution of molecular velocities, known
as the Maxwell Boltzman distribution, is given
in Fig. 2. Only the molecules of very high velocity
shown at the extreme right of Fig. 2, which have
suffered a series of fortuitous collisions, arc able
to supply enough energy to bring about chemical
reactions. Cbcmical reactions usually require be-
tween 10,000 and 100,000 calories per mole (per
molecular weight in grams) of activation energy.
When the new products arc formed there may
be a large evolution of heat; or there may be an
absorption of heat. These thermodynamic heats
of reaction are quite independent of the activa-
tion energy of chemical kinetics as shown in
Ti me
FIG. 1. Concentration changes with time in a
complex reaction.
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FIG. 2. Maxwell Boltzman distribution of mo-
lecular velocities. Curve B is for a higher tempera-
ture than curve A. The dotted curve C is for
photochemical activation.
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FIG 3.. Activation energy and heat of reaction.
Fig. 3. The difference in energy levels between
the products and the reactants determines the
heat evolved or absorbed in a reaction, but this
bears no relation to the activation energy except
that in an endothermic, heat-absorbing reaction,
the activation energy must be at least as great
as the heat of reaction. Even this limited relation
is sometimes useful because the heats of reaction
are much easier to determine than the activation
energies.
INFLUENCE OF TEMPERATURE
According to an empirical rule most chemical
reactions in the neighborhood of room tempera-
ture double or treble their reaction rates when
the temperature is raised 100 C. The kinetic
energy under these conditions increases only
about three per cent, but as shown in Fig. 2, the
fraction of molecules of very high velocities at
the extreme right of the figure, which are the
only ones that count in chemical reactions, are
increased greatly—200--300 per cent. This large
temperature effect on all chemical reactions, in-
eluding bacterial reactions, explains the pres-
ervation of foods by refrigeration.
The relation between temperature and rate of
reaction is given very satisfactorily for most all
reactions by the simple Arrhenius equation
k = se_fT
where it is the specific reaction rate, e is the base
of the natural logarithms, 1? is the gas constant
(1.987 calories per mole per degree), T is the
absolute temperature and K and .s are kinetic
constants. K, usually expressed as calories per
mole, is called the activation energy and s is
called the frequency factor. The form of the
equation is such that log it plotted against lIT
gives a straight line. Linear graphs of this type
are exceedingly common even for complex reac-
tions.
An example is shown in Fig. 4. It is customary
to determine it at several temperatures and then
plot log it against 1 /T. The best straight line is
drawn through these experimental points and
the slope of this line multiplied by 2.303 and by
1? gives the activation energy in calories per mole.
For endothermie reactions, a minimum value can
be estimated from the heat of reaction as already
indicated. For bimolecular reactions, according
to the Hirschfelder rule, the activation energy is
28 per cent of the sum of the energies required to
break the bonds of the reacting molecules. This
rule is entirely empirical, but in the absence of
better data, it gives a simple and useful way of
estimating activation energies.
The frequency factor, s, is usually about 1013
per second for unimolecular bond-breaking reac-
tions in the gas phase, provided that the activa-
tion process does not require any spatial rear-
rangements. In bimolecular reactions, as a rough
approximation, the frequency factors may be
estimated from the collision frequencies and
these may be calculated from molecular concen-
trations and molecular diameters, as obtained
from measurements on the viscosity of gases.
In the Arrhenius equation, the quantity e_E / P
is roughly equal to the fraction of molecules which
have energies greater than the activation energy
K. If in bimolecular reactions, the frequency
factor, s, is the number of molecules colliding per
second, the overall specific reaction rate is then
equal to the rate at which activated molecules
collide with each other.
A more complete formula for calculating ehem-
ical reaction rates is based on statistical me-
chanics. According to Eyring,
=
' '3[E/RT
in which N is the number of molecules in a gram
molecule, h is Planck's constant, 6.6 x 1O
erg-seconds, and &S is the change of entropy
involved in the activation. This formula is based
on theory and in simple cases it reduces to the
Arrhcnius equation. In principle, it can be used
to predict reaction rates if the activation energy
can be determined and if enough data arc avail-
able for calculating the entropy changes.
CATALYSIS
Many reactions can be made to proceed much
more rapidly by the addition of a catalyst, which
is not consumed in the reaction. The catalyst
forms a compound with the reacting material
which then reacts to give the products in such a
way that the activation energy is decreased. This
lesser activation energy can be supplied not only
by the fast moving molecules, but also by slower
moving molecules. Since there arc many more of
the slower molecules, more molecules become
activated and the reaction goes faster.
There are many different kinds of catalysts.
Some permit a series of oxidizing and reducing
reactions and others are solids having very large
surface areas, with which the reacting molecules
form transient chemical compounds and then
decompose quickly into the new products.
Enzymes are special catalysts, usually com-
posed largely of proteins, which are of particular
importance in biological reactions. Advances in
our knowledge of enzyme kinetics are leading to
important progress in our understanding of bio-
chemistry.
CHAIN REACTIONS
Many reactions go more rapidly than expected
on the basis of estimated activation energy and
frequency factor. The products of the reaction
are able to react with the reactants in such a
way that many molecules react for each molecule
that is activated. In general, the catalytic reac-
tions are rapid, because the activation energy is
decreased and the chain reactions are rapid be-
cause the frequency factor is increased.
Chain reactions are erratic and subj ect to large
reductions in rate caused by minute traces of
inhibitors. These inhibitors can react with the
intermediate molecules which are carrying the
138 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
-.0
-40
-0
-so
-k
—4
-
00029 0.00$,
4
0003$ a. oost
FIG. 4. Arrhenius graph for log Ic vs 1/T
a con
PHOTOKINETICS 139
chain and thus terminate it. Atoms or free radi-
cals such as Cl3, which have extra, unused
valences, do not need extra activation energy to
react and they are frequently involved in chain
reactions. They may be produced by high tem-
peratures, light or radioactivity and by reaction
with certain unstable molecules.
PHOTOCIIEMISTEY
Molecules may be activated not only by the
kinetic energy of molecular collision but by the
introduction of light or radioactivity or other
forms of energy from outside. The situation is
indicated diagrammatically by the dotted peak
at the extreme right in Fig. 2. Each molecule
which absorbs a photon of light becomes activated
and the number of these activated molecules de-
pends on the intensity of light rather than on the
temperature of the reacting system. The energy
can be localized in a particular part of the mole-
cule which is known from molecular structure to
do the absorbing of the light. Photokinetics is
thus a powerful tool in the study of the mechan-
ism of chemical reactions.
The absorption of light in a narrow range of
wavelengths is given by Beer's law, thus
I
log1- = —ide
where 1o is the intensity of the light which falls
on the surface of a light absorbing system, I is
the intensity of the light transmitted at the back
of the material and 1/10 is the fraction trans-
mitted. The length of the light path in the ma-
terial is given by 1 and the concentration of the
absorbing material is given by c. The constant Ic
depends on the probability that a photon of the
specified light will be absorbed by a molecule.
This relation is of such a form that a straight line
is produced when — log is plotted against the
concentration.
According to Einstein's law, each photon ab-
sorbed activates one molecule, but the number
of molecules of chemical product formed is usu-
ally quite different from the number of molecules
activated. The molecule may be deactivated in
several ways. If the molecule is activated by
visible or ultraviolet light, an electron is displaced
within the molecule and this electron may fall
to a lower energy level in the molecule emitting
light and producing fluorescence. The activated
molecule with the displaced electron may collide
with another molecule and cause it to rebound
with a higher velocity, thus increasing the
kinetic energy and raising the temperature. This
is the most common effect of absorbed light,
namely the conversion into heat without any
chemical reaction.
Occasionally the displaced electron leads to a
rearrangement of atoms or a dissociation of the
molecule thus giving rise to photochemical reac-
tion. Again the activated molecule with its dis-
placed electron may pass its energy over by
collision to another molecule causing it to disso-
ciate or react chemically. This process is called
photosensitization.
Infrared light contains less energy per photon
than visible or ultraviolet. It is not enough to
displace electrons, but it is enough to displace
atoms in the absorbing molecule. The energy of
the displaced atoms in general is not enough to
bring about chemical reactions and so infrared
light is usually inactive photochcmically. It is
changed over into heat which raises the tempera-
ture of the absorbing material.
QUANTUM YIELD
The extent of the chemical reaction following
photoactivation depends on many factors such
as the intensity of light, the concentration and
the thickness of the reaction chamber and the
temperature. In describing the experimental con-
ditions, it is convenient to state the quantum
yield, t, which is the number of molecules react-
ing per photon absorbed. Then under a given set
of conditions, it is possible to predict the extent
of the photochcmical reaction from a knowledge
of the quantum yield and the intensity of the
light.
The quantum yield is calculated by determin-
ing the amount of light absorbed with a calibrated
thcrmopilc and galvanomctcr, and measuring the
amount of chemical change. The number of ergs
of light is divided by the number of ergs in one
photon in order to determine the number of
photons. The energy of one photon, E, is given
by the relation
= he
where h is Planck's constant 6.6 x 10 erg-
seconds and v is the frequency of light obtained
by dividing the velocity of light, 3 x 1010 cms,
by the wavelength of the light expressed in ems.
A mole of photons (6 x 10) of red light corre-
sponds to an energy of about 40,000 calories per
140 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
mole, and a mole of photons of violet light cor-
responds to about 70,000 calories.
Much valuable information may be obtained
from a measurement of the quantum yield. Thus
if it is much greater than unity a chain reaction
must be involved. In some reactions, as for
example, in sunburn, a time lag is involved during
which it is necessary to build up intermediate
compounds by photochemistry before the overall
reaction can take place. The influence of tempera-
ture on photochcmical reactions gives informa-
tion concerning the reaction. If it is without
effect the reaction is purely photochemical. If 4)
increases when the temperature is raised, the
photoprocess is followed by thermal reactions.
EXPERIMENTAL PRINCIPLES
In experimental photochemical research it is
important to work with monochromatic light so
that all the light will be producing the same
reaction, and to know the intensity of the light.
Both the color of the light and the intensity affect
the photochemical reactions and one of the two
factors should be kept constant. For example, a
red filter with sunlight may give a greater photo-
chemical effect than a blue filter. But the reason
may well be not because the red light is more
effective per photon than the blue light, but
simply because the red light of sunlight is more
intense than the blue light.
PHOTOSYNTHESIS
Many principles of photochemistry are illus-
trated in the important process of photosynthesis
by which carbon dioxide and water unite in
growing plants in the presence of chlorophyll and
sunlight to give carbohydrates and other plant
materials, thus
CO2 + H20 + chlorophyll + light —,
1/n (H2C0) + 02
This reaction calls for the absorption of at least
112,000 calories per mole. But the reaction occurs
effectively in red light, which has only 40,000
calories per mole of energy. Apparently the
chlorophyll becomes activated by the absorption
of visible light and the energy is transferred to
the water with the release of a hydrogen atom
which partially reduces the carbon dioxide. A
second photon of light absorbed by chlorophyll
releases a second atom of hydrogen which then
reduces the carbon dioxide still further. By a suc-
cession of one-photon steps, then, it is possible to
obtain carbohydrate and thus effect a reaction
which cannot be produced in a one-photon
process.
Quantitative photochemical measurements
show that in photosynthesis at least eight photons
of light must be absorbed for every molecule
reacting. There arc thermal reactions which ac-
company the photochemical reaction and reduce
the energy efficiency. Calculations show, how-
ever, that new organic material can be produced
by photosynthesis such that about 30 per cent
of the absorbed light can be stored chemically
and released when the new carbohydrate material
is oxidized back to carbon dioxide and water.
The fraction of the annual sunlight energy
which is stored in agricultural crops is much less
than this because half of the radiation is in the
infrared and is not photochemically active. More-
over, the plants cannot be grown in the winter-
time. Too, the concentration of carbon dioxide in
the air is only 0.03 per cent whereas it is 3 per
cent in the laboratory experiments. Again, the
intensity of sunlight is much too bright to give
maximum efficiency in photosynthesis. As a re-
sult of all these factors, an average agricultural
crop stores only one or two tenths of a per cent
of the annual solar radiation which strikes the
field.
Experiments show that although the absorp-
tion by chlorophyll varies greatly for the different
wavelengths of visible light, the number of ab-
sorbed photons required for one molecule to react
is still about the same, irrespective of wavelength.
Important advances have been made in our
understanding of the mechanism of photosyn-
thesis by using radioactive carbon as a tracer in
the carbon dioxide and separating the inter-
mediate products by chromatographic adsorption
on paper strips. Thus it is possible to determine
the organic molecules which are formed first in
the reduction of carbon dioxide.
CONCLUSIONS
The principles of chemical and photo kinetics
can be applied to physiological reactions, in-
cluding photochemical reactions of the skin.
The applications are often complex and the
quantitative calculations are difficult. But chem-
ical reactions in a test tube are also complicated.
It is hoped that the scientists of this symposium
will not only find a knowledge of chemical ki-
netics helpful in their researches, but that they
will contribute also to the field of fundamental
chemical kinetics.
